Introduction
============

Genetic polymorphism in drug-metabolizing enzymes can cause inter-individual differences in drug response. Because of the pharmacokinetic and pharmacodynamic diversity of these drugs, the same dose can result in a variety of clinical consequences in different patients, such as adverse drug reactions or therapeutic failure.\[[@B1][@B2]\] Cytochrome P450 (CYP) enzymes play an important role in the metabolism of endogenous substrates and xenobiotics.\[[@B3][@B4]\] More than 50 CYP enzymes have been identified so far.\[[@B5]\]

The CYP2D6 enzyme is involved in the metabolism of more than 100 drugs, including antipsychotics, antiarrhythmics, and analgesics, which account for approximately 15--25% of all clinically used drugs.\[[@B6][@B7]\] *CYP2D6* is highly polymorphic and more than 100 allelic variants have been reported.\[[@B8]\] A range of enzyme activity results from the broad spectrum of genetic variation, point mutation, defect or insertion, genetic rearrangement, and deletion or duplication of the whole gene. \[[@B7]\] These *CYP2D6* genetic polymorphisms are considered as distinct ethnic differences in drug metabolism depending on each gene variation. Enzyme activity, defined as the degree of metabolism, can be classified into four groups: ultra-rapid metabolizers (UM), extensive metabolizers (EM), intermediate metabolizers (IM), and poor metabolizers (PM).\[[@B7][@B9]\] The Clinical Pharmacogenetics Implementation Consortium recommends that normal metabolizer (NM) be the standard term in place of EM.\[[@B10]\] Nortriptyline, a tricyclic antidepressant primarily metabolized by CYP2D6, requires \< 10--20 mg for PMs, and up to 500 mg for UMs, to achieve the desired therapeutic effect.\[[@B1]\] This suggests that treatment outcomes are dependent on drug metabolism capacity, as determined by the genetic predisposition of *CYP2D6*. At the same dose, PM patients may suffer from toxic effects, while UM patients may not be affected. Knowledge of a patient\'s *CYP2D6* genotype prior to drug therapy allows prediction of enzyme activity, which can be useful for optimization of individual therapies. Many clinically important drugs metabolized by CYP2D6 have narrow therapeutic dose ranges especially in PMs, so genotype information for CYP2D6 has the potential to be beneficial to patients.

In this study, *CYP2D6* genotypes were classified based on CYP2D6 metabolic activity to predict genotype-based phenotypes in Korean subjects. The results of the study can be used for direct individualized therapy based on *CYP2D6* genotypes. The relationship between genotype and phenotype was assessed using machine learning algorithms. Use of color visualizations allowed for easier identification of phenotype based on *CYP2D6* genotype.

Methods
=======

CYP2D6 genotype and phenotype data
----------------------------------

CYP2D6 phenotyping data performed in 201 healthy Korean subjects using dextromethorphan (DM) as the CYP2D6 substrate were used. The Institutional Review Board of the Inje University Busan Paik Hospital (Busan, Republic of Korea) approved the study protocol.(06-087) The genotype and phenotype data retrieved from the database of the Pharmacogenomics Research Center (PGRC), Inje University (Busan, Republic of Korea),\[[@B11][@B12]\] were used for this study. The method of phenotyping with urine dextromethorphan and its metabolite is described in the previous study.\[[@B11]\] Genotypes were identified using the multiplex single-base extension method to select 12 CYP2D6 alleles (*\*1*, *\*2*, *\*5*, *\*10*, *\*14*, *\*18*, *\*21*, *\*41*, *\*49*, *\*52*, *\*60*, and a duplication of *CYP2D6*).\[[@B12]\] CYP2D6 activity was measured as the log-transformed urinary metabolic ratio (MR) of DM, log10 (DM/Dextrorphan (DX)).\[[@B11]\]

CYP2D6 genotype to phenotype classification analysis
----------------------------------------------------

Cluster analysis was performed to classify *CYP2D6* genotypes according to phenotype (based on the mean, median, and standard deviation (SD) of log-transformed MR) using data from a subset of 130 subjects (clustering set). Two algorithms were applied for the cluster analysis: hierarchical clustering and k-means clustering. In hierarchical clustering, ward linkage was selected as the agglomeration procedure and Euclidean distance was used to calculate similarities between individuals. The number of likely groups was determined by visual observation of a dendrogram. In k-means clustering analysis, the number of phenotype clusters was assessed by calculating the average of the silhouette values obtained by 20 different initial values. K-means clustering with squared Euclidian distance was performed with the two numbers of clusters with the highest silhouette values. The calculated silhouette value ranges from −1 to 1. A value ≥ 0 indicates that the value should be classified into the group, while a value of −1 indicates the value is not related to the group. A value close to 1 indicates a well-separated group.

Color visualization and validation of phenotype classifications
---------------------------------------------------------------

Hierarchical and k-means clustering were plotted on a map using color to indicate phenotype (i.e., the level of drug metabolism activity) for each genotype. A dendrogram and silhouette values were also visualized in hierarchical and k-means clustering, respectively. Higher CYP2D6 activity levels were represented by the color blue, while higher logarithmic MR values (lower enzyme activity) were represented by red.

To verify the phenotype classification determined using the k-means analysis in the clustering set (130 subjects), the results were applied to the validation set (71 subjects who were recruited separately). The following procedure was used:

1\) The cutoff value between two clusters in proximal activity groups was determined using receiver operating characteristic (ROC) curves as the log MR value of the individuals belonging to each cluster in the clustering set (130 subjects). The lower enzyme activity of the two clusters determined the cutoff value. The cutoff value was nearest to the upper left corner of the ROC curve with the most satisfactory sensitivity and specificity.2) The cutoff value was used to determine the concordance rate in the validation set (71 subjects), that is, whether each individual was within a phenotype cluster including his/her genotype.

Cluster analysis, determination of cutoff values using ROC curves, and color visualizations were performed using MATLAB 7.1 (MathWorks Inc., Natick, MA, USA).

Results
=======

Subject characteristics (age: 25 ± 3.6 years) have been previously described.\[[@B11]\] There were 23 different genotypes in the clustering set (130 subjects), five of which were observed in one subject only. The most common genotypes were *CYP2D6\*1/\*10B*, *\*10B/\*10B*, and *\*1/\*1*, occurring at frequencies of 20.0%, 19.2%, and 16.2%, respectively. Other genotypes occurred at significantly lower frequencies. Sixteen genotypes were identified in the validation set of 71 subjects, the most common of which were *CYP2D6\*1/\*10B*, *\*10B/\*10B*, and *\*1/\*1*. The genotypes *CYP2D6\*1/\*14* and *CYP2D6\*1/\*21* each occurred in one subject only and were unique to the validation set.

A dendrogram was used to visualize the relationship between genotypes and phenotypes ([Fig. 1](#F1){ref-type="fig"}). *CYP2D6\*5/\*5*, a known PM type of *CYP2D6*, had the lowest observed enzyme activity and was represented by the color brown. The genotypes with the highest enzyme activity were *CYP2D6\*2N/\*10B* and *\*1/\*2N*. The remaining genotypes were divided into two groups in the dendrogram, one group with higher levels of enzyme activity and the other with lower levels of activity. The higher activity group contained *\*1*, *\*2*, and *\*2N* genotypes, which are known to have normal or increased enzyme activity. The lower activity group contained non-functional alleles (*\*5* or *\*21*) or alleles known to have decreased activity (*\*10*, *\*14*, *\*18*, and *\*41*).

Based on the hierarchical clustering results, the number of the phenotype cluster was set between 2 and 10 for the k-means analysis. The number of the phenotype clusters with the highest mean silhouette value (average = 0.79) was three and the second highest (average = 0.71) was four. Color visualizations and silhouette values are presented in [Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. The first genotype listed in each cluster was closest to the central value of the cluster, and the last genotype was furthest from the central value (and less characteristic of that cluster). Group numbers (Cluster 1, Cluster 2) were randomly assigned. *CYP2D6\*5/\*5*, when classified into three clusters and four clusters by the k-means method, were classified as one separated cluster (Cluster 2) and *CYP2D6\*1/\*2N*, *\*2N/\*5*, and *\*2N/\*10B* were in a cluster (Cluster 1) of four clusters. With the exception of *CYP2D6\*5/\*41*, one cluster (Cluster 4) contained genotypes with at least one normal or increased function gene and the other cluster (Cluster 3) did not contain these genes in the four clusters. It was similar in the three clusters. The three clusters are shown in [Fig. 2](#F2){ref-type="fig"} and listed in [Table 1](#T1){ref-type="table"}. The information was easier and faster to interpret using color visualization. The mean log MR value for each genotype ranged from −3.47 to 0.07, while the range for all subjects was −3.53 to 0.07.

To verify the results of the clustering analysis, phenotype groups in the validation set were determined using the ROC curve cutoff value of three and four clusters from the clustering set. The cluster with the *CYC2D6\*5/\*5* genotype, which included only one subject with the lowest level of enzyme activity, differed significantly from the other groups in terms of the cutoff value. There were no individuals with the *CYP2D6\*5/\*5* genotype among the 71 subjects in the validation set, and cutoff values were determined as one for three clusters and two for four clusters. The cutoff value in the three clusters was -2.053 with 90.0% sensitivity and 92.4% specificity. The cutoff values of the four clusters were −2.9668 and −2.053. Sensitivity and specificity values were 90.5% and 80.0%, respectively, for the former cutoff and 90.0% and 91.9%, respectively, for the latter cutoff. The concordance rate was 91.5% for one cutoff of the three clusters, and 85.3% for two cutoffs of the four clusters for the clustering set. When the cutoff values were applied to the validation set, the concordance rate was 92.8% for the three clusters and 73.9% for the four clusters. A lower concordance rate was observed in both the clustering and validation data for the four clusters, and one cutoff value in the three clusters was equal to one in the four clusters. Genotypes included in two clusters (Cluster 3) were the same in the cluster with the lowest enzymatic activity, except the cluster containing *CYP2D6\*5/\*5* of the three and the four clusters. Concordance rates in both cases were high, but they were lower in the clusters with the highest (Cluster 1) and second highest (Cluster 4) enzyme activities in the four clusters.

Discussion
==========

CYP2D6 phenotype classification based on genotype was determined by categorization into four groups (UM to PM according to functionality of alleles), by choosing an antimode using a frequency histogram or a probit plot of MR. Using an antimode to separate NM (EM) and IM groups was not feasible, and its use was limited to separating the PM group from other groups.\[[@B13][@B14][@B15]\]

With regard to function, PM was defined as a gene in which both alleles are nonfunctional (*\*5/\*5*), and IM (*\*5/\*10*) as having a nonfunctional and a decreased functional allele. UM and NM (EM) were classified as carrying at least three functional genes (*\*1/\*2N*) and having one or two functional genes (*\*1/\*1*), respectively.\[[@B16][@B17]\] To predict CYP2D6 phenotype, a combination of genetic variations were selected as markers and four data mining techniques were employed to predict IM and PM groups in Hong Kong-Chinese data.\[[@B18]\] Two pieces of genetic information, *188C\>T*and deletion genes, were sufficient to predict IM and PM groups that had clinical significance. The *188C\>T* mutation was not previously identified in a study of 51 Korean subjects using direct DNA sequencing,\[[@B11]\] suggesting that different ethnic groups within Asian populations are genetically diverse. Previous study with the Hong Kong-Chinese data had applied the supervised method for *CYP2D6* phenotype classification based on known genetic function without phenotype data, which excludes the influence of other genes or environmental factors. Considering the effects of specific genotypes and environmental factors on drug metabolism, it is necessary to classify these genotypes based on phenotypes. Use of genetic information to predict phenotype, as was done in the present study, provides a more accurate assessment.

Gaedigk et al. divided groups into allele scores using the activity score (AS) system, which assigns scores according to the relative functionality of each allele.\[[@B19]\] The possible distribution of DM MR in each score, from 0 to over 2, was presented. Phenotype groups were further defined as slower EM (EM-S), faster EM (EM-F), PM, IM, EM, and UM using arbitrary antimode. Ethnic differences were identified as playing an important role, and the results could not be generalized to all ethnicities. Factors such as food and other genes may also affect CYP2D6 enzyme activity. An advantage of the AS system is that the characteristics of the genotype can be regarded as the distribution of enzyme activity; however, the disadvantage is that information on the function of each gene must precede it. Recent studies have emphasized the need to standardize CYP2D6 phenotype assignment from genotype, proposing the AS system as a more suitable option than the traditional classification method (four groups from UM to PM).\[[@B20]\] The AS system has been used to predict phenotypes from *CYP2D6* genotype across major populations using data from previous research.\[[@B21]\]

This study classified CYP2D6 phenotype for each genotype using an unsupervised method without considering the known genotype classification. The phenotype features extracted from each genotype were the mean, median, and SD of DM log MR values of subjects with the same genotype. More accurate results could be obtained with a larger number of subjects representing each genotype. A single subject may yield results that are inconsistent with other studies. It was possible to classify low frequency genotypes, including a single subject, in our study. The cluster with the lowest enzyme activity consisted of nonfunctional alleles and the cluster with the highest enzyme activity contained alleles with amplified function (i.e., *CYP2D6\*2N*); similar findings have been observed in previous reports.\[[@B17][@B22]\] Color visualization of the results allowed for rapid and easy identification of the characteristics of each genotype. Users are not required of knowledge on applied clustering algorithm, making the tool usable for clinicians and other researchers.

K-means clustering analysis was applied to the extracted phenotype features. The genotypes of the clustering and validation sets were different, and clustering results could not be applied directly to the validation data to evaluate accuracy. The cutoff value from the ROC curve, a log MR value, was derived from the two closest phenotype activity clusters obtained from the clustering set analysis. Concordance rates were calculated to determine whether genotypes and phenotypes from each individual in the validation set were consistent with the clusters established using the cutoff value. When classified into three clusters, the concordance rate was \> 90% in both the clustering and validation sets, confirming that it could be used for clustering of other genotype-phenotype data. When divided into four clusters, the concordance rate was \~85% for the clustering set and \~74% for the validation set. It is possible that fewer subjects were sorted into the cluster with the highest level of activity of four clusters than in the group with three clusters, not effectively reflecting the features of each genotype. The three clusters were better in the aspect of silhouette values and concordance rates, but it would be more useful when divided into more than three clusters when considering usefulness for personalized therapy. Two subjects in the validation set had *CYP2D6\*1/\*14* and *CYP2D6\*1/\*21*, which were not observed in the clustering set. A more complete set that includes all genotypes may improve predictions of phenotype based on genotype. This type of cluster analysis can be used widely for ethnicities other than Koreans, if ethnicity-specific factors are considered.

CYP2D6 activity is influenced by ethnicity. High frequencies of *\*10* in Asian populations and *\*17* in African populations may influence phenotype patterns.\[[@B21][@B23]\] The frequency of *CYP2D6\*10* in the Korean population has been reported as 45.6%.\[[@B11]\] When applying a DM log MR value of ≥ −0.5 (the PM cutoff proposed by Schmid et al.\[[@B15]\]), only *\*5/\*5* was included in the data with a frequency of 0.8%. The findings of this study were consistent with the results of previous studies.

To predict CYP2D6 activity based on *CYP2D6* genotype, we analyzed genotype and phenotype data using two clustering algorithms and statistical analyses. The results were presented using color visualization, which allows for rapid identification of phenotype based on genotype. The clustering results and cutoff values were evaluated using untouched data, and relatively good concordance rates were observed. This technique can be applied to various drug metabolizing enzymes, such as other CYPs, for optimal personalized therapy.
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![Color visualization of log-transformed urinary metabolic ratios (MR, dextromethorphan/dextrorphan) in hierarchical clustering (n=130). Each row indicates a *CYP2D6* genotype. The mean and the median log MR values are colored based on intensity (cold to warm color). Genotypes indicated in blue font are based on data from a single subject. ^\*^ No., number of subjects.](tcp-25-147-g001){#F1}

![Color visualization and silhouette values of log-transformed urinary metabolic ratios (MR, dextromethorphan/dextrorphan) using the k-means cluster analysis based on three clusters (n=130). Each row indicates a *CYP2D6* genotype. The mean and the median log MR values are colored based on intensity (cold to warm color). ^\*^ No., number of subjects.](tcp-25-147-g002){#F2}

![Color visualization and silhouette values of log-transformed urinary metabolic ratios (MR, dextromethorphan/dextrorphan) using the k-means cluster analysis based on four clusters (n=130). Each row indicates a *CYP2D6* genotype. The mean and the median log MR values are colored based on intensity (cold to warm color). ^\*^ No., number of subjects.](tcp-25-147-g003){#F3}

###### Results of the k-means cluster analysis based on three clusters of CYP2D6 genotype and phenotype data (n=130)

![](tcp-25-147-i001)

  Genotype        Mean^a^   Median^a^   No^b^   Clusters
  --------------- --------- ----------- ------- ----------
  *\*2/\*10B*     −2.72     −2.72       4       1
  *\*1/\*1*       −2.73     −2.75       21      1
  *\*1/\*5*       −2.61     −2.48       3       1
  *\*1/\*49*      −2.50     −2.51       3       1
  *\*1/\*10B*     −2.47     −2.53       26      1
  *\*1/\*2*       −2.54     −2.40       5       1
  *\*2N/\*5*      −2.82     −2.82       1       1
  *\*5/\*41*      −2.46     −2.46       1       1
  *\*2/\*2*       −2.49     −2.48       5       1
  *\*1/\*41*      −2.22     −2.28       3       1
  *\*2/\*5*       −2.18     −2.45       3       1
  *\*1/\*2N*      −3.08     −3.08       2       1
  *\*2N/\*10B*    −3.47     −3.47       2       1
  *\*5/\*5*       0.07      0.07        1       2
  *\*10B/\*10B*   −1.62     −1.69       25      3
  *\*10B/\*41*    −1.73     −1.72       4       3
  *\*10B/\*14*    −1.65     −1.65       2       3
  *\*41/\*41*     −1.53     −1.53       1       3
  *\*10B/\*18*    −1.42     −1.42       2       3
  *\*5/\*10B*     −1.31     −1.38       6       3
  *\*14/\*41*     −1.83     −1.83       1       3
  *\*10B/\*49*    −1.97     −2.00       6       3
  *\*10B/\*21*    −1.03     −1.00       3       3

^a^mean and median of log-transformed urinary metabolic ratios (dextromethorphan/dextrorphan) for each genotype,^b^number of subjects.
